Until recently, most studies on the synaptic-cellular basis of learning and memory concentrated on the activity-dependent changes occurring in principal cells such as hippocampal pyramidal cells and dentate granule cells. However, the ability of the inhibitory interneurons to regulate synaptic plasticity remains less understood. This study tested the hypothesis that the g-aminobutyric-acid (GABA)-mediated inhibitory neurotransmission is enhanced in mice that show no detectable long-term potentiation in the dentate gyrus in the absence of the GABA A receptor antagonist bicuculline. Patch clamp recordings were made from dentate granule cells in brain slices from wild-type and Thy-1 knockout (KO) mice. The frequency, amplitude and kinetics of miniature inhibitory postsynaptic currents (mIPSCs, generated by the action potential-independent release of GABA) was not di¡erent between animals. However, bursts of spontaneous IPSCs (sIPSCs, generated by both action potential-independent and -dependent GABA release) in KO mice were associated with larger synaptic charge transfers and increased durations. When pairs of IPSCs were evoked at varying intervals, the amplitude of the second response with respect to the ¢rst was signi¢cantly larger in KO animals. These results further support the concept that enhancement of interneuronal functions in cortical structures can have profound e¡ects on the activity-dependent synaptic plasticity observed in principal cells.
INTRODUCTION
The presence of synchronized hippocampal oscillatory activities, such as the theta and 40Hz rhythms, are known to be intimately associated with the animal's exploration and learning of new environments (Buzsa¨ki et al. 1983; Soltesz & Descheª nes 1993) . The time-course of gaminobutyric-acid (GABA A ) receptor-mediated synaptic currents has been recognized recently to be a crucially important factor in determining the temporal and spatial properties of neuronal synchronization and long-range oscillations in hippocampal networks (Traub & Miles 1991; Whittington et al. 1995) . Indeed, the time-course of synaptic inhibitory currents in hippocampal cells can be altered by various factors, including general anaesthetics, neuronal injury, and developmental processes, which are known to exert powerful e¡ects on the functioning of the cortico-limbic system (Soltesz & Mody 1995; Hollrigel et al. 1996; Hollrigel & Soltesz 1997) . Although investigations of individual miniature inhibitory postsynaptic currents (mIPSCs), and spontaneous IPSCs (sIPSCs) have revealed a wealth of new data on the properties of hippocampal GABA A inhibition (Mody et al. 1994) , it has to be emphasized that, in vivo, the functionally relevant inhibitory control of hippocampal principal cells seems to take place via intense, rhythmic barrages of synaptic GABAergic events resulting from the synchronized, rapid burst-¢ring of interneuronal networks (Buzsa¨ki et al. 1983; Soltesz & Descheª nes 1993) . However, separation of the study of the randomly occurring IPSCs from the e¡ects of alterations of the properties of IPSC bursts is made di¤cult by the fact that most agents which modulate GABA A receptors act on both the random, individual IPSCs as well as on the intra-burst IPSCs.
Recently, electrophysiological recordings carried out in vivo, under anaesthesia, from mice lacking the ubiquitous neuronal cell adhesion glycoprotein Thy-1, showed that normal long-term potentiation (LTP) could be elicited in the CA1 region, but LTP was strongly inhibited in the dentate gyrus of these mice (Nosten-Bertrand et al. 1996) . Importantly, in the presence of bicuculline, LTP appeared normal in the dentate gyrus of the Thy-1 knockout (KO) mice, indicating that the suppression of LTP in the dentate gyrus of the Thy-17/7 mice may be due to enhanced GABA A receptor-mediated inhibition (Nosten-Bertrand et al. 1996) . However, direct proof for increased GABA A receptor mediated synaptic inhibition in the dentate gyrus of Thy-1 KO mice has been lacking. Such a proof is important, since it is possible that in the experiments of NostenBertrand et al. (1996) , bicuculline may have been able to restore LTP in the dentate gyrus of Thy-1 KO mice indirectly, by releasing a non-GABA A receptor-mediated process from GABAergic inhibition. Furthermore, it is also not known whether the presumed changes in GABA A receptor-mediated inhibition in the Thy-1 KO mice are due to postsynaptic (e.g. changed GABA A receptors), or presynaptic factors (e.g. altered GABA release or interneuronal ¢ring). This study has been carried out to directly determine if GABA A receptor-mediated synaptic inhibition is increased in the dentate of Thy-1 KO mice, and if it is, whether the increase is due to pre-and/or postsynaptic factors. Our data show that, although the postsynaptic GABA A receptors and the individual mIPSCs and sIPSCs appear unchanged, the bursts of sIPSCs are associated with larger inhibitory charge transfers in the Thy-1 KO mice, indicating that GABA A inhibition is indeed increased in these mice, and that this enhanced GABAergic inhibition is primarily due to alterations in presynaptic factor(s). Therefore, these mice, which show regionally inhibited LTP but normal spatial learning (Nosten-Bertrand et al. 1996) , may o¡er interesting insights into the relationship between increased action potential-dependent GABA A inhibition, LTP, and learning and memory.
METHODS
The preparation and genotyping of the wild-type (WT) and Thy-1 KO mice were performed as previously described (Nosten-Bertrand et al. 1996) . Electrophysiological experiments were conducted on either homozygous WT or Thy-1 KO adult male mice. The preparation of slices was similar to what has been published (Staley et al. 1992) . Brie£y, mice were anaesthetized with sodium pentobarbital (Nembutal, 75 mg kg 71 , i.p.) and were decapitated. The brains were removed and immersed in 4 8C oxygenated arti¢cial cerebral spinal £uid (ACSF) composed of (in mM): 126 NaCl, 2.5 KCl, 26 NaHCO 3 , 2 CaCl 2 , 2 MgCl 2 , 1.25 NaH 2 PO 4 , and 10 glucose. Horizontal brain slices (450 mm) were made with a vibratome (Lancer Series 1000); the slices were sagitally bisected and transferred to a holding chamber containing oxygenated ACSF at 32 8C for at least 1h.
Individual slices were transferred to the recording chamber perfused with ACSF containing 10 mM 2-amino-5-phosphovaleric acid (APV) and 5 mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX); tetrodotoxin (TTX; 1 mM) was included when we recorded mIPSCs (APV and CNQX were purchased from Tocris; TTX was purchased from Calbiochem). The chamber was superfused with humidi¢ed 95% O 2^5 % CO 2 and was maintained at 36 8C.
Standard blind whole-cell recording techniques were performed as published (Blanton et al. 1989; Staley et al. 1992) . Pipettes (1.5 mm OD; Garner Glass) were pulled with a Narishige PP-83 two-stage electrode puller. Pipette internal solutions consisted of (in mM): 140 CsCl, 2 MgCl 2 , 10 N-2-hydroxyethylpiperazine-N '-2-ethanesulfonic acid, and 3 QX-314 (to record sIPSCs and eIPSCs), pH adjusted to a ¢nal value of 7.20^7.25 with CsOH.
Recordings were made by voltage clamping neurons at 760 mV and recording the inward, GABA mediated IPSCs. To record eIPSCs, a bipolar stimulating electrode was placed in the middle molecular layer of the dentate gyrus; constant current stimuli (10^100 mA, 50^200 ms) were applied at 0.1 Hz at varying inter-stimulus intervals (ISI, 100^5000 ms). The recordings were obtained with an Axopatch-200A (Axon Instruments) ampli¢er and were digitized at 88 kHz (Neurocorder, Neurodata), before being stored on videotape.
For analysis, recordings were ¢ltered at 3 kHz before digitization at 10 or 20 kHz by the computer (National Instruments LabPC+ A-D board in a pentium personal computer). Strathclyde electrophysiology software provided by Dr J. Dempster, and Synapse software provided by Dr Y. DeKoninck were used for the analysis. The detection of the miniature and spontaneous events has been described previously (Otis & Mody 1992b; Soltesz et al. 1995) . After rejecting any noise that spuriously met the trigger speci¢cations, a least-squares Simplex based algorithm was used to ¢t the ensemble average of the IPSC with the sum of two (one rising and one decaying) exponentials:
where I(t) is the IPSC as a function of time (t); A is a constant, and ( r and ( D are the rise and decay time constants, respectively. The statistical analysis (t-test or F-test) was performed using SigmaPlot or SPSS with a level of signi¢cance of p40.05. Data are presented as means AE s.e.m. (n is the number of cells).
RESULTS
(a) Miniature IPSCs are similar between WT and Thy-1 KO mice
In order to directly determine whether GABA A inhibition is increased in Thy-1 KO mice (Nosten-Bertrand et al. 1996) , the ¢rst set of experiments compared the functional properties of synaptic GABA A receptors in dentate granule cells from WT and KO mice. Whole-cell patch clamp recordings of mIPSCs from granule cells were carried out in the presence of the glutamate receptor antagonists APV and CNQX, and the sodium channel blocker TTX, with Cl À -¢lled pipettes (E C l 0 mV), at 760 mV (the GABA A receptor antagonist bicuculline (20 mM) fully blocked the mIPSCs in KO animals as well, n 2). As shown in ¢gure 1, the rise and decay kinetics (rise time constant: WT, 0.18 AE 0.01 ms; KO, 0.18 AE 0.02 ms; decay time constant: WT, 4.08 AE 0.21 ms; KO, 4.19 AE 0.22 ms), as well as the amplitude (WT, 58.23 AE2.43 pA; KO, 55.23 AE1.59 pA) of the mIPSCs appeared similar between the WT and the KO mice. These results indicate that di¡erences in the postsynaptic GABA A receptors on dentate granule cells of the WT and KO mice are unlikely to explain the observed enhanced inhibition capable of selectively suppressing LTP in the dentate gyrus of the Thy-1 KO animals. Furthermore, the frequency of mIPSCs also did not show signi¢cant di¡er-ences (WT, 9.98 AE1.60 Hz, n 13; KO, 7.00 AE1.09 Hz, n 16), suggesting that the action potential-independent release of GABA is likely to be similar between the WT and KO mice. Next, we examined the properties of the sIPSCs recorded in the absence of TTX. Under these conditions, sIPSCs from dentate granule cells from both WT and KO mice appeared as large bursts of currents interspersed with smaller, individually occurring IPSCs (¢gure 2; no obvious rhythmicity could be observed in the occurrence of the bursts of sIPSCs). Although the interburst sIPSCs appeared similar between the WT and KO animals (sIPSC amplitude in: WT, 52.37 AE1.77 pA; KO, 52.27 AE2.82 pA), it was qualitatively apparent that the bursts of sIPSCs (¢gure 2) were enhanced in the Thy-1 KO animals, compared to control WT mice. However, methods for the quanti¢cation of the intra-burst sIPSCs has not been established. The di¤culty comes from the fact that, as seen in ¢gure 2, the intra-burst sIPSCs occur at high frequencies and widely varying amplitudes. Due to such complexities in the structure of the sIPSC bursts, no automatic event detection routine (e.g. Otis & Mody 1992b; Soltesz et al. 1995) could be designed that would reliably detect each individual IPSC within a burst. Therefore, since the conventional, individual IPSC-based analysis was not adequate, we established an alternative approach to gain quantitative insights into the properties of sIPSCs bursts, by de¢ning a burst as an event that crosses a 7200 pA threshold (the 7200 pA threshold was arbitrarily chosen because, upon visual inspection,`bursts' appeared to cross this threshold, whereas the majority of the`non-burst' events remained below 200 pA in amplitude). The end of the burst was de¢ned as the time when the current ¢rst returned to 10% of the threshold (i.e. 20 pA) for at least 10 ms. This de¢nition of bursts identi¢es bursts as individual synaptic events, distinct from the inter-burst sIPSCs. Importantly, the number of bursts occurring within unit time, the burst duration and the area under the current (i.e. the charge transfer) carried by the burst could be computed, even though the number, frequency, kinetics and amplitude of the individual intra-burst sIPSCs could not be reliably determined. Also, the amplitude of the ¢rst (and generally the largest) event in a burst could be invariably measured.
Importantly, the number of bursts of sIPSCs, de¢ned according to the criteria described above, was similar within equal periods of recording in WT and KO animals (WT, 32.92 AE13.63 bursts cell À1 4 min À1 ; KO, 30.23 AE14.09 bursts cell À1 4 min À1 ), indicating that dentate granule cells of Thy-1 KO mice are not under more powerful GABA A inhibition because the presynaptic interneurons spontaneously burst-discharge more frequently. However, the synaptic charge transfer of the sIPSC bursts was signi¢-cantly greater in the Thy-1 KO animals compared to the WT animals (WT, 3477.01 AE212.91 pAms, n 12; KO, 66 G. S. Hollrigel and others Enhanced inhibition inThy-1 knockout mice Proc R. Soc. Lond. B (1998) Figure 2 . Bursts of sIPSCs are enhanced in Thy-1 KO mice compared to the WT mice. (a) Representative traces of sIPSCs (sIPSCs appear as inward currents under these recording conditions; ECl 0 mV, 760 mV), from (i) WT, and (ii) Thy-1 KO mice; lower panels are high resolution traces of the bursts occurring in the top traces (the indicated threshold is 7200 pA, which had to be exceeded by an sIPSC in order to be classi¢ed as a burst; see text). (b) Bar graphs of the summary data for the sIPSC bursts obtained from 12 WT and 13 KO granule cells. The far left graph indicates that the synaptic charge transfer is signi¢cantly greater in Thy-1 KO mice (WT, 3477.01 AE 212.91 pAms, n 395 bursts; KO, 6560.31 AE 382.39 pAms, n 393 bursts), and the duration of the bursts is longer (WT, 39.41 AE 2.53 ms; KO, 79.97 AE 4.16 ms); the amplitude of the ¢rst event in the bursts is not di¡erent (WT, 336.33 AE 9.39 pA; KO, 334.95 AE 9.39 pA). Note that the number of bursts per cell (within equal periods of recording, i.e. 4 min) was identical in WT and KO mice (WT, 32.92 AE 13.63 bursts cell À1 ; KO, 30.23 AE 14.09 bursts cell À1 ).
6560.31 AE382.39 pAms, n 13). This increased synaptic charge transfer could be at least partially attributed to an increase in the duration of the bursts (WT, 39.41 AE2.53 ms; KO, 79.97 AE4.16 ms), but not to an increase in the amplitude of the ¢rst IPSC of a burst (WT, 336.33 AE9.39 pA; KO, 334.95AE11.45 pA). These data established that the Thy-1 KO mice show enhanced GABA A receptormediated bursts of sIPSCs in granule cells of the dentate gyrus, and, together with the mIPSC kinetics and amplitude data, suggested that the enhancement in charge transfer is primarily due to presynaptic factor(s).
(c) Decreased activity-dependent depression of GABA A responses in dentate granule cells from Thy-1 KO mice
Although the above data have already clearly tested the hypothesis that this paper was designed to test (i.e. that Thy-1 animals show enhanced GABAergic inhibition in the dentate gyrus), the argument would be even stronger if at least one plausible synaptic-cellular mechanism would be found which would support the increased inhibitory charge transfer during bursts of IPSCs in the KO animals. Based on the mIPSC kinetics and amplitude data, we would expect this mechanism to be presynaptic. Clearly, several possible mechanisms may underlie the augmented IPSC bursts, including increased interneuronal burst ¢ring, enhanced inter-interneuronal synchronization and decreased activity-dependent inhibition of GABA release. Since the identity of the interneuronal classes that generate these sIPSC bursts is not well understood (similarly, the number of interneurons contributing to the bursts is also not known), we chose to focus on the possibility that the activity-dependent inhibition of GABA release may be altered in the KO mice. It is well-known that when IPSCs, originating from GABA released from a set of presynaptic terminals, occur in close temporal proximity to one another in the same postsynaptic cell, they often exhibit the characteristic phenomenon of activity-dependent depression (Davies et al. 1990; Otis & Mody 1992a; Wilcox & Dichter 1994) . Since during spontaneous bursts of IPSCs the individual events also occur at high frequencies, we tested the hypothesis that decreased activity-dependent depression of IPSCs may underlie the increased chargetransfer underlying the bursts of sIPSCs in the Thy-1 KO animals. In WT mice, a pair of stimuli delivered at 100 ms ISI resulted in a reduction of the test response relative to the conditioning response (¢gure 3a, left panel of 3b; P2/P1 53.62 AE5.93%, n 11), as described previously in other species and various cell types (Davies et al. 1990; Otis & Mody 1992a; Wilcox & Dichter 1994) . The depression of the second eIPSC persisted at all ISIs55000 ms, at which point the test response became equal to the size of the conditioning response (109.56 AE5.29%). In contrast, the paired-pulse depression recorded from Thy-1 KO mice was signi¢cantly reduced compared to the depression from WT animals (¢gure 3). As shown in ¢gure 3, the reduced paired-pulse depression was evident at all ISIs55000 ms, and the di¡erence reached signi¢cance (F-test) at ISIs of 100 ms, 500 ms, and 2000 ms. The largest di¡erence between pairedpulse depression in the WT and KO mice occurred at 100 ms ISI, where the test response recorded in KO animals was practically the same as the conditioning response (P2/P1 96.77 AE12.29%). Thus, the degree of activity-dependent decrease of GABA A responses is significantly smaller in the Thy-1 KO mice, which is likely to be one of the factors underlying the enhanced bursts of sIPSCs in these mice.
DISCUSSION
The dentate gyrus of mice lacking Thy-1 is characterized by an apparent increase in GABA A receptormediated inhibition that can prevent the induction of LTP (Nosten-Bertrand et al. 1996) . In light of the fact that the enhancement of GABA A inhibition with minimal behavioural/cognitive disturbance is the goal of several drug-therapies, including anti-epileptic treatments, it is particularly interesting that the increased GABA A inhibition in the dentate gyrus of Thy-1 KO mice occurs without any detectable change in the animals' ability for spatial learning (Nosten-Bertrand et al. 1996 ; it should be mentioned that recent investigations in awake, non-anaesthetized mice have indicated that the association of spatial learning and lack of LTP in the dentate gyrus of Thy-1 mice may be more complicated than originally thought based on assessment of LTP under anaesthesia, (Errington et al. 1997) ). Therefore, understanding the mechanisms underlying the increased inhibition in these genetically altered mice is important also because it may reveal novel possibilities for selectively increasing inhibition without interfering with the normal behaviour of the animal.
It has been established that the number and distribution of GABA-immunopositive cells is similar in the hippocampal formation of WT and Thy-1 KO mice (NostenBertrand et al. 1996) . Similarly, no di¡erences could be observed using immunohistochemical markers for axons, or in the number and a¤nity of NMDA receptors (Nosten-Bertrand et al. 1996) . The data presented in this paper indicate that the properties of postsynaptic GABA A receptors and the action potential-independent GABA release were identical between WT and Thy-1 KO mice, however, granule cells in the dentate gyrus of Thy-1 KO mice exhibited enhanced synaptic charge transfer during bursts of sIPSCs, and the paired-pulse depression of eIPSCs was signi¢cantly decreased in the Thy-1 KO mice. Since LTP could only be evoked in the dentate gyrus of the Thy-1 KO mice in the presence of bicuculline (NostenBertrand et al. 1996) , these results suggest that the decreased activity-dependent depression of inhibitory responses in the Thy-1 KO mice is likely to contribute to the enhanced inhibitory charge transfer during intense bursts of presynaptic action potentials occurring during high-frequency stimulation. However, it is quite possible that other factors, such as enhanced interneuronal burst ¢ring or increased inter-interneuronal coupling may also contribute; these possibilities, requiring direct recordings from various anatomically identi¢ed interneuronal classes, will need to be tested in detailed future investigations. The decreased activity-dependent depression may also play a role in the apparent prolongation of spontaneous bursts of IPSCs, since the events towards the end of the burst will remain relatively larger when activitydependent depression is reduced. The fact that the ¢rst event in a burst appeared unchanged in amplitude between the WT and the KO animals also suggest that the relative enhancement of the inhibitory responses in the KO animals occurs only in an activity-dependent manner, i.e. it requires repeated discharges of the presynaptic terminals. Interestingly, pharmacological blockade of presynaptic GABA B receptors has been shown to act in a similar manner, i.e. preventing the activity-dependent decrease of GABAergic responses and the depolarization of the postsynaptic membranes necessary for the NMDA-receptor dependent induction of LTP in these and other pathways (Davies et al. 1991; Mott & Lewis 1991) . The testing of the molecular basis (e.g. alterations in presynaptic GABA B receptors or Ca 2+ channels) for the decreased activitydependent depression in the Thy-1 KO mice is a non-trivial issue, since recent results showed that paired-pulse inhibition may not involve presynaptic GABA B receptors (e.g. Wilcox & Dichter 1994) , therefore, future projects will have to determine which factor(s) in the presynaptic terminals contributed to the decreased activity-dependent depression of inhibitory responses in the Thy-1 KO mice. Similarly, although these experiments were not designed to speci¢cally investigate the role of Thy-1 itself in the enhanced GABAergic inhibition, the data presented in this paper also lead to intriguing possibilities related to the possible function of cell-adhesion molecules in the construction, plasticity and functioning of interneuronal networks.
In conclusion, these results show that enhanced inhibitory charge transfer during high-frequency stimulation may underlie the regional blockade of LTP in the Thy-1 KO mice, in agreement with recent results (Maccaferri & McBain 1996; reviewed, in Buckmaster & Soltesz 1996) , indicating that interneurons can play important and highly active roles in hippocampal plasticity.
